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Abstract Different morphologies of cadmium sulfide nanostructures were syn-
thesized via the reaction among a new inorganic precursor, cadmium phthalate,
[Cd(pht)(H,O)],,, and different sulfur sources. The as-synthesized CdS nanos-
turctures were characterized by X-ray diffraction pattern, scanning electron
microscopy, transmission electron microscopy and selected area electron diffrac-
tion. This study focuses on the effect of different sulfur sources on the crystal phase
and morphology of the products.
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Introduction

Semiconductor metal chalcogenide nanostructures have been the focus of
considerable interest due to their unique electrical, mechanical, optical and
catalytic properties which differ from those of their bulk counterparts and their
wide variety of potential applications in different technological areas such as
solar energy conversion [1], catalysis [2] and photocatalysis [3], hydrogen
production [4], lasers [5], optical waveguide [6], biological labeling and
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diagnostics [7]. Among them, CdS has broadly been studied because of its band
gap energy of 2.5 eV in the visible region and potential applications which their
performances are highly dependent on size and shape of nanostructures.
Therefore, it is important to acquire nano/microstructures with favorable size
and shape for enhancing the properties of CdS in functional applications.

To synthesize CdS nanostructures, a variety of strategies were utilized including
electrochemical technique [8], solvothermal synthesis [9, 10], hydrothermal route
[11, 12], y-ray irradiation [13], vapor-liquid—solid (VLS)-assisted approach [14],
sol—gel [15] and so on. Consequently, CdS nanostructures have been successfully
synthesized with different morphologies such as nanotube [16], sword-like nanorods
[17], nanoflowers [18], nanospheres [19], dendrites [20], triangular and hexagonal
plates [21], sea-urchin-like shape [22] and nanoshuttles [23].

Cadmium ions can coordinate with many organic and inorganic ligands to form
complexes that have advantages of flexibility, structural variety, and shape
manageability compared to stiffness of inorganic compounds. For example,
cadmium diethyl dithiocarbamate [Cd(S,CNEt,),] [24], [bis(salicylaldehydato)cad-
mium(Il)] [25], CA(SCN), [26] were used as the cadmium precursor.

Herein, [Cd(pht)(H,0)],, polymers were used as a precursor for the synthesis
of CdS nanostructures. Phthalate anions as an outstanding bridging ligand can
coordinate to metal ions including staying monodendate up to heptadendendate
modalities [27]. We chose phthalate complex because of its lower thermal
stability Compared to isophthalate and terphthalate complexes [28]. The reduced
thermal stability of phthalate complexes is rationalized by taking into account the
fact that both of carboxylate group in phthalate react with the same metal ion,
providing a seven membered ring. So, intermolecular bond decreased and
intramolecular bond increased, resulting to a lower thermal stability of phthalate
complexes.

In this article, different morphologies of CdS nanostructures were synthesized
with [Cd(pht)(H,0)],, as Cd precursor and different sulfur sources via simple
hydrothermal route which has potential advantages of high purity, controlled
morphology, good quality of the products while maintaining good control over their
composition. Then the products were characterized with XRD, SEM, TEM and
SAED analysis.

Experimental
Materials and Physical Measurements

All chemicals were of reagent grade and were used as received. XRD patterns were
recorded by a Rigaku D-max C III, X-ray diffractometer using Ni-filtered Cu Ko
radiation (4 = 1.5406 A). Scanning electron microscopy (SEM) images were
obtained on Philips XL-30ESEM equipped with an energy dispersive X-ray
spectroscopy. Transmission electron microscopy (TEM) images and selected area
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electron diffraction (SAED) pattern were obtained on a Philips EM208 transmission
electron microscope with an accelerating voltage of 200 kV.

Synthesis of ([Cd(Pht)(H,0)],)

The precursor of [Cd(pht)(H,O)], was synthesized according to literature [29].
Briefly, for synthesis of the precursor, ligand-contain and metal-contain solutions
were prepared separately. Ligand solution was prepared from addition of 2 mmol
phthalic acid (CgH¢O,) to the ethanol and metal solution was obtained from addition
of 2 mmol cadmium (II) acetate dehydrate to distilled water as solvent. Then, metal

Table 1 The sulfur source structures and morphology of the products

Sample  Sulfor source Abbrevation  Structure Morphology of
no products
S1 Thiourea Tu S Flower-like
C
H2N/ \NH2
S2 Thiourea and - S Particles
thioglycolic acid “ (o)
C \)j\
N i, HS oH
S3 Sodium thiosulfate - Na,S,03 Cauliflower-like
S4 Thiosemicarbazide TSC S Aggregated
)J\ _NH nanoparticles
H,NT N7 2
H
S5 Carbon disulfide - CS, Particles
S6 Thioglycolic acid TGA (@) Nanorods
Hs. L
OH
S7 Carbon disulfide & - 0 Irregular and
thioglycolic acid HS bulk structures
\)J\OH & CS,
S8 Thioacetamide TAA S Aggregated
)L nanoparticles
CHg NH,
S9 Ammonium sulfide - (NHy),S Aggregated
nanoparticles
S10 Cysteine - (0] Nanosized
H N\/U\ spherical
2 1 OH particles
SH
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solution was added to ligand solution dropwise and stirred 30 min at 40 °C. After
evaporation of solvent, the obtained powders were washed with ethanol and distilled
water several times to remove impurities and dried at oven.
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Synthesis of CdS Nanostructures

In a typical synthesis procedure, ([Cd(pht)(H,O)],, and different sulfur sources in a
molar ratio of 1:3 were added to 100 ml distilled water. After 40 min stirring, the
reagent was put into a Teflon-lined stainless-steel autoclave. The reaction was done
at 160 °C for 12 h. Then the autoclave was gradually cooled down to room
temperature. The obtained precipitate was centrifuged and washed with ethanol and
distilled water several times for removing the probably by pass products and dried at
60 °C for 8 h. The sulfur source structures for preparation of CdS nanostructures
and morphology of the products are summarized in Table 1.

Results and Discussion

Figure 1 shows the XRD patterns of CdS nanostructures obtained from the reaction
between phthalate precursor and different sulfur sources. Figure 1a shows the XRD
pattern of sample S1. Thiourea releases sulfur ion fast and all reflection peaks of the
pattern can be indexed to hexagonal phase of CdS nanostructures with no impurities
(JCPDS = 06-0314). When thioglycolic acid along with thiourea was used as sulfur
source, the product was also contained hexagonal phase of CdS (JCPDS: 01-0783).
The broadening of the peaks indicates that compared to the previous sulfur source,
smaller particles were synthesized (Fig. 1b). The crystallite size (Dc) of as-prepared

Fig. 2 SEM images of a [Cd(pht)(H,O)], precursor and samples prepared with sulfur sources of
b thiourea c¢ thiourea and thioglycolic acid d sodium thiosulfate
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CdS nanoparticles from sample S2 was estimated to be 25 nm using the Deby
Scherrer equation [30].

D, = 0.892/fcos0

where, 4 is the wavelength of X-ray radiation, f is the width of observed peak at its
half maximum and 0 is the peak position.

Using Na,S,05 as sulfur source was led to the preparation of CdS nanostructures
with JCPDS = 02-0454 and 01-0783 (Fig. 1c). TSC is another sulfur source that
can react with cadmium phthalate precursor and synthesize cubic phase of CdS
nanoparticles (JCPDS = 01-0645) with estimated particle size of 12 nm from Deby
Sherrer formula (Fig. 1d). When CS, was used for the preparation of the products,
CdSO, is present along with CdS products. So, CS, can’t synthesize pure product
(Fig. 1le). Also, the use of TGA as sulfur source cannot lead to the synthesis of CdS
nanocrystallities, due to TGA is capped around the structures and no obvious pattern
is appeared (Fig. 1f).

Figure 2a shows SEM image of the [Cd(pht)(H,0)],, complex that held on the
hydrothermal condition of 160 °C and 12 h without any sulfur source. As shown in
this figure, the product is composed of large and irregular particles.

Figure 2b shows SEM image of the as-prepared product from Cd precursor and
Thiourea as sulfur source, exhibiting synthesis of flower-like structures. Thiourea is
water soluble compound which C=S bonds reacts with oxygen atoms of H,O and
can release S*~ jons slowly. Then sulfur ions can react with Cd*" ions from

Fig. 3 SEM images of samples prepared with sulfur sources of a thiosemicarbazide b carbon disulfide
¢ thioglycolic acid d carbon disulfide and thioglycolic acid
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degradation of [Cd(pht)(H,0)],, to form CdS clusters. This process is summarized as
follows [31]:

CS(NH,), + H,0 — CO(NH,), + 2H" + §*~ (1)
Cd** +8* — Cds (2)

When using TGA with Tu, as seen in the SEM image of Fig. 2c, tiny
nanoparticles were synthesized resulting from capping ability of TGA and so,
prohibition from growth of the particles. SEM image of sample S3 is shown in
Fig. 2d. In this case, Na,S,0; was used as sulfur source and cauliflower-like
structures were formed that is composed of 25 nm nanoparticles. SEM images of the
product resulted from the reaction between TSC and Cd precursor is shown in
Fig. 3a. TSC has two donor groups of hydrazine and amine that stabilizes the
structure after release of sulfur. So, nucleation stage is fast and very small particles
with high surface energy are created and then, due to reduction of surface energy in
the high temperature of the hydrothermal condition, CdS particles is aggregated.
Using CS, as sulfur source was led to the preparation of tiny particles (Fig. 3b), but
as shown in the XRD pattern due to slow release of sulfur ion from CS,, no pure
phase of CdS have been obtained. As shown in Fig. 3c, the compound consisted of
CdS nanorods are created by using TGA as sulfur source. When appropriate amount
of Cd precursor and TGA are used, the composite CdS nanostructures, that is,

Fig. 4 SEM images of samples prepared with sulfur sources of a, b cysteine ¢ thioacetamide
d ammonium sulfide
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(CdS),,(SCH,COOH); is generated, then in the hydrothermal condition, the organic
ligand, SCH,COOH™ would be dissociated from the CdS clusters at special sites, so
that oriented attachment between CdS clusters proceeded and CdS nanorods are
created. Also, due to hydrogen interaction between oxygen atom of TGA and H
atom of the other TGA adsorbed on CdS molecules and m—m conjugation effects
between J1 bond of carboxylic group of TGA and sulfur atom of CdS nanostructures,
rod-like CdS bundles were prepared [32-37] by using CS, and TGA as sulfur source
resulting from very slow release of sulfur ion and capping ability of TGA, large and
bulk structures are obtained (Fig. 3d). Cysteine has a carboxylic acid acceptor group
and an amine donor group. So, release of sulfur is mediocre and nanosized spherical
particles were prepared (Fig. 4a, b). Similar to TSC, S°~ ion release from (NH,),S
and thioacetamide are high and aggregated nanoparticles were produced (Fig. 4c,
d).

Fig. 5 a—c TEM and d SAED image of sample prepared with thiourea and thioglycolic acid as sulfur
source
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Figure 5a—c shows TEM images of sample S2, when using TGA and Tu as sulfur
source. As shown in this figure, small particles have been produced. SAED of this
product confirms the hexagonal phase of the CdS nanostructures (Fig. 5d).

Conclusion

In summary, CdS nanostructures were synthesized via simple hydrothermal route.
[Cd(pht)(H,O)],, and different sulfur sources were served for synthesis of various
morphologies of CdS nanostructures. It has been found that the formation of
different morphologies of CdS is strongly related to the release rate of sulfur source
and surrounding medium of the surfactants.
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